Introduction
Cyclodextrins (CDs, Fig. 1 ) are native water-soluble macrocyclic molecules that consist of α(1-4)-linked D-glucopyranose units. 1 guest chemistry of LRCDs has received little attention. In particular, their affinities to guest molecules proved to be disappointingly low, which has been related to their large cavities and their high flexibility, 3b,8b,e,9,10 affinity-limiting features which are also known for the large derivatives of other classes of macrocycles such as cucurbiturils 11 and calixarenes. 12 The status-quo of host-guest chemistry of LRCDs can be summed up by Table 1 , which includes the guests for which low binding affinities or upper limits have been estimated. Recently, we have reported the complexation of large dodecaborate cluster dianions (B 12 X 12 2− , X: H, Cl, Br, and I, Fig. 1 ) with γ-CD; the binding affinities reached micromolar in e The highest affinity was obtained for 3,5-dimethoxy benzoate with ζ-CD.
f The highest affinity was obtained for δ-CD and no value was reported for ε-CD.
g Spectroscopic evidence for complexation was obtained by UV-Vis titration.
h Structural evidence for inclusion was obtained by XRD. aqueous solution. 13 The driving force for complexation was traced back to the chaotropic effect, based on the superchaotropic nature of the dodecaborate anions. 13 Additionally, the large polarizability of the clusters contributes to the high stability of the formed inclusion complexes. 13, 14 The binding constant with γ-CD reaches its maximum for B 12 Br 12 2− , while B 12 I 12 2− already becomes too large and binds more weakly. 13 We reckoned that these globular clusters, and in particular the largest ones, could serve as ideal guests for LRCDs and now present our results on the binding of dodecaborate clusters with δ-, ε-, and ζ-CD, synthesized and purified as described previously.
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Results and discussion
The key-and-lock principle in host-guest chemistry describes a complementarity between the guest size and the cavity size of the host as well as the shape of both. expected to lock better into the cavities of γ-CD up to ζ-CD. The 1 H NMR chemical-shift differences among α-, β-, and γ-CD are very small, amounting, for example, to only 0.05 ppm for the H1 proton (Fig. 2) . In contrast, for LRCDs, larger differences are observed (up to 0.3 ppm, see Fig. 2 ), as expected from their distinct, folded structures. cluster protrudes into the cavity (see 1 H NMR in Fig. 3 ). δ-CD Table 3 with Table 1 ). The increase in affinity from γ-CD to δ-CD occurs at the expense of a decreased selectivity, that is, the binding constants for B 12 Cl 12 2− , B 12 Br 12 2−
, and B 12 I 12 2− vary by almost a factor of 70 for γ-CD but by less than a factor of 4 for δ-CD. Presumably, the higher flexibility of δ-CD allows for a better induced fit. For example, it is likely that the smaller B 12 Cl 12 2− cluster is accommodated through an elliptic distortion of the LRCD cavity, which has been experimentally observed in the crystal structure of δ-CD 6a and which has also been found in molecular dynamics simulations of LRCDs. 7a,d,f The resulting clamp-like binding site (Fig. 5 ) offers a tighter cavity with more dispersive contact points, which accounts for the absolute (from 0.014 to 2.5 × 10 6 M −1 ) and relative (to B 12 Br 12 2− ) enhancement in binding of B 12 Cl 12 2− with the larger macrocycle; this offsets simple size complementarity arguments, which would have led to the expectation of a reduced affinity of the smaller guest as the cavity becomes larger. These simple arguments are again sufficient to account for the variation in affinities as the LRCD series expands from δ-CD to ζ-CD. Particularly noteworthy is the fact that B 12 I 12 2− becomes the strongest binder for ε-CD where also a micromolar affinity is achieved. And even for ζ-CD a sizable binding constant of 8000 M −1 is obtained.
Thermodynamic parameters for complexation are shown in Table 4 . In general, the binding is an enthalpically driven process with an entropic penalty (ε-CD was an exception), in agreement with our previous report on the binding of same clusters with γ-CD. 13 In our previous study with γ-CD, a correlation between enthalpy and guest size was observed: the enthalpy of complexation (ΔH°) increased with increasing the dianion size. This trend discontinues for the LRCDs, presumably due to the different binding modes (Fig. 5) . However, large enthalpy values are accompanied by an increased entropic penalty for the LRCDs as well, that is, enthalpy-entropy compensation applies, as is common for CDs.
2c,13
Besides the studies in aqueous solution, we have tested the stability of the formed complexes in the gas phase using mass spectrometry experiments. Fig. 6 conformation; the annular geometry is known to apply for small CDs (α, β, γ), while the distorted one has been reported for the larger CDs (δ, ε, ζ). , whichever is larger.
b Measured as sodium salts. c From ref. 13. m/z 1560). Moreover, 2 : 1 host-guest complexes were observed in the gas phase, which has also been observed for γ-CD in a crystal structure.
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Until now, even association constants on the order of 100 M −1 have been very difficult to achieve for LRCDs (Table 1) . 17 The hybrid anchor-dyes were optimized for indicator displacement assays and sensing applications.
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The high-affinity binding (10 6 M −1 ) for the perhalogenated dodecaborate clusters to
LRCDs makes them excellent choices as potential anchoring groups for indicator displacement applications; in particular, it should allow for a convenient screening method to explore the affinity to guest libraries to identify additional strong binders and to advance structure-affinity relationships in a broader context. Monofunctionalized halogenated clusters have recently been synthesized, 18 which paves the way in this direction.
Conclusions
In summary, we have conducted a systematic study on the host-guest complexation of LRCDs with dodecaborate clusters. A rational choice of the substituent X (H, F, Cl, Br, and I) allows for a systematic variation of the size and polarizability of the guest, while its shape remains globular (icosahedral). We have found that perhalogenated clusters act as strong binders of LRCDs, with micromolar affinities for δ-CD as well as ε-CD and millimolar affinity for ζ-CD. The size match plays a key role for the stability of these complexes, in which B 12 Br 12 2− fits well inside γ-CD and δ-CD, while B 12 I 12 2− binds tightly to the larger homologues. The discovery of dodecaborate anions as tight binders for LRCDs opens the door for potential applications of these unconventional hosts.
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Experimental
The LRCDs were synthesized and purified as described previously. 15, 20 The dodecaborate clusters (Na 2 B 12 H 12 , Na 2 B 12 Cl 12 , Na 2 B 12 Br 12 , and Na 2 B 12 I 12 ) were synthesized according to published procedures, 21 while K 2 B 12 F 12 was purchased from Sigma-Aldrich (Germany) and used without further purification. Nuclear Magnetic Resonance (NMR) spectra were recorded with a JEOL ECX 400 MHz NMR spectrometer in D 2 O. Isothermal titration calorimetry experiments were carried out in water (unbuffered) on a VP-ITC from Microcal, Inc., at 25°C, pH 6.5-7. The binding equilibria were studied using a cellular host concentration of 50 μM, to which a 10-30 times more concentrated guest solution was titrated. Typically, 27 consecutive injections of 10 μL were used. All solutions were degassed prior to titration. Heats of dilution were determined by titration of the guest solution into water. The first data point was removed from the data set prior to curve fitting (Origin 7.0 software) according to a one-set-of-sites model. The knowledge of the complex stability constant (K a ) and molar reaction enthalpy (ΔH°) enabled the calculation of the standard free energy (ΔG°) and entropy changes (ΔS°) according to ΔG°= −RT ln K a = ΔH°− TΔS°. Mass spectrometry experiments were performed with a Bruker Micro-TOF MS. 
